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ABSTRACT
We propose adaptive subcarrier selection (ACS) as an efficient
technique of improving the error performance of grouped linear
constellation precoding (GLCP) OFDM in the low-to-medium
SNR range (0-20 dB). Recently, GLCP-OFDM has been pro-
posed to achieve frequency diversity (multipath diversity) in
OFDM overcoming the problem of channel nulls (deep fades
in frequency-domain). In GLCP-OFDM, symbol precoding
is performed on subgroups of OFDM subcarriers rather than
on the total number of OFDM subcarriers which is large in
practice. This reduces the receiver decoding complexity while
maintaining the high SNR frequency diversity benefit - though
the error performance in the low SNR regime is worse than a
non-precoded system. In contrast, the proposed GLCP-ACS-
OFDM improves the error performance in the low-to-medium
SNR range without increasing the receiver complexity. Simu-
lation results demonstrate the superior performance of GLCP-
ACS-OFDM over GLCP-OFDM for a practical range of SNR
as applicable to mobile wireless communications.
I. INTRODUCTION
Orthogonal Frequency Division Multiplexing (OFDM) is be-
ing considered as a promising transmission technique to com-
bat the frequency-selectivity of the wireless channel. It has al-
ready been accepted for several wireless communication stan-
dards such as digital audio/video broadcasting (DAB/DVB)
and wireless local area networks (WLAN) [1]. OFDM trans-
form a frequency-selective fading channel into a large number
of flat-fading subchannels (subcarriers) which leads to easy per
subchannel equalization and symbol decoding. However, one
disadvantage of OFDM is the lack of frequency diversity1, i.e.
each symbol is transmitted over a single subchannel indepen-
dently. As a result, the symbols carried by the subchannels
experiencing high channel attenuation (e.g. channel nulls) are
usually not accurately decoded at the receiver. In order to com-
bat the bad subchannels in OFDM some notion of frequency-
diversity should be introduced, which effectively distributes the
individual symbol information across number of subcarriers
rather than a single subcarrier.
Use of error-correcting codes (FEC) across OFDM sub-
carriers, i.e. codeword spans across several subcarriers, is
a well-known technique of achieving frequency diversity in
OFDM. The FEC techniques include convolutional codes and
1Frequency diversity is also known as multipath diversity in literature as
multipaths cause frequency-selectivity in wireless channels.
trellis-coded modulation. OFDM systems incorporating FEC
is known as Coded-OFDM (COFDM) and is used in DVB-
T and WLAN standards [1]. Recently, precoding (or pre-
transformation) of data-symbols has been proposed as a means
of achieving frequency-diversity in OFDM systems [2]-[5].
Fig. 1 shows a block diagram of a precoded OFDM system.
The symbol vector of size M × 1 before pre-transformation is
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Figure 1: Block schematic of a precoded OFDM system.
given by x. The transformation (precoding) matrix Θ of size
N×M converts x to a vector s of size N×1, i.e. s = Θx. The
total number of subcarriers in the OFDM system (FFT size) is
N . The transformed symbol vector y is subsequently IFFT
transformed and cyclic-prefix (CP) added before transmitting
through the channel. The effect of the multipath wireless chan-
nel can be captured by a Lth order FIR filter with coefficients
hl, l = 0, 1, . . . , L. At the receiver, the CP is discarded from
the received vector before FFT transformation. The FFT output
y at the receiver can be given as
y = HΘx+w (1)
where, H is the N ×N frequency-domain channel matrix (di-
agonal) with the (n× n) element is given by
[H]n×n =
L∑
l=0
hle
−j 2πN nl. (2)
Also, the diagonal elements of H represents the FFT of the
channel coefficients vector h = [h0 h1 . . . hL]. The detec-
tion problem at the receiver is to estimate the information sym-
bol vector x given the received transformed symbol vector y,
the channel frequency-response H, and the precoder matrix Θ.
Following [2], the N×M precoder matrix Θ with N ≥ M+L
should be designed such that any M rows of it are linearly in-
dependent. In [2], it is shown that if the above condition is
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satisfied and the channel taps are complex-Gaussian (Rayleigh
fading) the full multipath diversity of (L + 1)-order can be
achieved using maximum-likelihood (ML) decoding given by
xˆML = arg min
x∈CM
‖y −HΘx‖2 (3)
where, ‖.‖ is the Euclidean norm of a vector and CM is the
set of all possible symbol vectors for a given constellation.
The above ML-decoding require computationally unrealizable
search as the ML complexity is exponential and practical val-
ues of N are generally large. Interestingly, in [3] it is shown
that even with linear equalization (e.g. Zero-forcing with
the pseudo-inverse G = (HΘ)†) the maximum diversity of
(L+ 1)-order can be achieved.
xˆZF = Q(x˜), where x˜ = Gy. (4)
The hard constellation demapping function is denoted by Q(.).
However, while the diversity order of linear equalization is
same as that of ML, the error performance of ML was found
to be superior.
Yet another technique of reducing the complexity of the
full ML decoding while retaining the full diversity benefit
is reported in [4], i.e. grouped linear constellation precod-
ing (GLCP). In GLCG-OFDM the subcarriers are optimally
grouped into P groups such that within a group the channel
correlations are minimized. Let N = PK, where K is the
number of subcarriers per group. The precoding of symbols is
done separately within the individual groups and ML decoding
is performed at the receiver. In GLCP-OFDM when the con-
dition K ≥ L + 1 is satisfied full-diversity can be achieved.
Also, given the fact that ML decoding is operating on sub-
vectors of size K × 1 the complexity is significantly reduced
in comparison to the full-ML decoding [4]. However, the fre-
quency diversity benefit in terms of improving the receiver er-
ror performance is only significant in the high SNR regime.
In fact for low SNR values the performance of GLCP-OFDM
is worse than the conventional OFDM without any precoding
(frequency diversity). This leaves the effectiveness of GLPC-
OFDM (from application point of view) only to high SNR com-
munication scenarios. However, in the majority of the practical
wireless communication situations we have to encounter low-
to-medium SNR channels (e.g. 0-20 dB range).
In this context, the motivation behind the present work is
to achieve error performance improvement through precoded-
OFDM for the more practical low-to-medium SNR range. We
propose Adaptive subCarrier Selection (ACS), i.e. best sub-
carrier processing, as an efficient technique of improving the
low SNR performance of GLPC-OFDM. Moreover, this perfor-
mance improvement is achieved with minimal added receiver
complexity.
II. GLCP-OFDM WITH ADAPTIVE SUBCARRIER
SELECTION
In this section the details of the proposed reduced complex-
ity GLCP-OFDM scheme with adaptive subcarrier selection
(ACS) at the receiver, are presented. A block diagram of the
GLCP-ACS-OFDM scheme is given in Fig. 2. First, a symbol
vector x = [x0 x1 . . . xN0−1]
T of size N0 × 1 is parti-
tioned into P sub-vectors of size K0 × 1, where N0 = PK0.
The ith symbol sub-vector is given by
xi = [xiK0 xiK0+1 . . . x(i+1)K0−1]
T (5)
where, 0 ≤ i ≤ P − 1. Each symbol sub-vector is then pre-
coded (pre-transformed) using the precoding matrix Φ of size
K ×K0, where K ≥ K0. The resulting precoded symbol sub-
vectors si of size K × 1 are given by
si = Φxi, for 0 ≤ i ≤ P − 1. (6)
This amounts to redundant precoding when K > K0 as the
precoded symbol sub-vectors have larger dimension than the
original symbol sub-vectors.
A. Subcarrier Grouping
The precoded symbol sub-vector si is transmitted by modulat-
ing on to a selected group of subcarriers ωi of an OFDM system
with a total of N subcarriers, where N = KP . The subcarrier
groups ωi for 0 ≤ i ≤ P − 1 satisfy the following conditions:
ω0 ∪ ω1 ∪ · · · ∪ ωP−1 = {0, 1, . . . , N − 1} (7)
and
ωi ∪ ωi′ = ∅ for ∀i = i′. (8)
Note that ωi is a set that contains the indices of all the OFDM
subcarriers used to transmit the precoded symbol sub-vector
si. In order to achieve maximum frequency diversity benefit
the subcarrier set ωi has to be selected such that the mutual
subcarrier channel correlations within ωi are minimized. This
leads to the selection of ωi as
ωi = {i, i+ P, i+ 2P, . . . , i+ (K − 1)P} . (9)
Above (9) represents a subcarrier selection with an interleaving
factor of P and illustrated in Fig. 3. Let the diagonal channel
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Figure 3: Subcarrier grouping scheme with minimum intra-group
channel correlations.
matrix of the N -subcarrier OFDM system to be given by
H = diag [H0,H1, . . . , HN−1] (10)
where, the diagonal elements of H are given by (2). The chan-
nel matrix corresponding to the the subcarrier set ωi can be
given as
Hi = Hi(ωi) = diag
[
Hi,Hi+P , . . . ,Hi+(K−1)P
]
. (11)
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Figure 2: Block schematic of the proposed GLCP-ACS-OFDM system.
The received post-FFT signal yi corresponding to the precoded
symbol subvector si becomes
yi = Hisi +wi
= HiΦxi +wi (12)
where, wi is a complex Gaussian noise vector of size K × 1.
The elements of yi can be given as
yir = Hi+rPprxi + wir, 0 ≤ r ≤ K − 1 (13)
where, pr (vector of size 1×K0) is the rth row of the precoding
matrix Φ thus
Φ =


p0
p1
.
.
.
pK−1

 (14)
Also, yi = [yio yi1 . . . yi(K−1)]T and wi =
[wio wi1 . . . wi(K−1)]T .
B. Adaptive Subcarrier Selection (ACS)
For each symbol subvector xi a total of K post-FFT signal
values can be obtained using (13). In the adaptive subcarrier
selection (ACS) stage we select only a subset of the total post-
FFT signal values available for processing. This provides a sig-
nificant receiver complexity reduction (associated with symbol
detection) while preserving a selection diversity benefit in the
frequency domain. An obvious choice is to select the subcar-
rier super-subset ω˜i from the subset ωi that corresponds to the
highest SNR values in post-FFT signal subset {yir}0≤r≤K−1
given in (13). The SNR, ρir for the post-FFT signal yir can be
calculated as
ρir =
|Hi+rP |2E{|prxi|2}
E{|wir|2}
= |Hi+rP |2‖pr‖2 σ
2
x
σ2w
(15)
where, average symbol and AWGN noise powers are given by
σ2x and σ2w, respectively. Lets consider the set λi to contain
the indices r corresponding to the highest K1 values (K1 ≤
K) in the SNR value set {ρir}0≤r≤K−1. Then the subcarrier
super-subset ω˜i selected for processing can be given as ω˜i =
{i + rP |r ∈ λi}. And the corresponding post-FFT signal set
becomes
yir = Hi+rPprxi + wir, r ∈ λi. (16)
In matrix form the above (16) can be given as
y˜i = H˜iΦ˜ixi + w˜i (17)
Note that (17) gives a reduced post-FFT signal set for the sym-
bol subvector xi from the available post-FFT signal set in (12),
based on the best SNR criterion. The reduction factor is given
by K1/K.
C. Symbol Detection
It is important to notice that the final post-FFT signal model in
(17) resembles that of a narrow-band MIMO system using spa-
tial multiplexing transmission (matrix product H˜iΦ˜i is similar
to the MIMO channel matrix). Thus the symbol detection prob-
lem associated with (17) can be solved using either maximum-
likelihood (ML) estimation or zero-forcing (ZF) estimation.
Other techniques achieving various complexity-performance
tradeoffs are also reported in literature [6]. The ML estimation
is optimal in the sense that it achieves the best error perfor-
mance while ZF estimation provides a low-complexity solution
with some error performance degradation.
The ML-estimate xˆMLi of the symbol subvector xi can be
given as
xˆMLi = arg min
x˜i∈C
‖y˜i − H˜iΦ˜ix˜i‖2 (18)
where C is the space defined by having an entry each of the K1-
dimensional vector x˜i taken from a M -ary constellation. The
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ZF-estimate xˆZFi of the symbol subvector xi can be given as
y˜ZFi =
(
H˜iΦ˜i
)†
y˜i (19)
and xˆZFi = Q(y˜ZFi ), where Q(.) denotes the element-wise
demapping to the closest constellation point.
D. GLCP-ACS-OFDM Parameters
Selection of the three parameters, (i) the symbol subvector size
(K0), (ii) the subcarrier group size (K), and (iii) the subcarrier
subgroup (adaptive subcarrier selection) size (K1), is important
in terms of performance, complexity and throughput (coding
rate) of the proposed scheme. Note that for K = K0 = K1 the
proposed scheme is equivalent to the original GLCP-OFDM.
Thus GLCP-ACS-OFDM can be considered as a generalized
framework to achieve frequency-diversity in OFDM, where
GLCP-OFDM is a special case. Table 1 summarizes the four
cases possible with respect to the selection of K, K0, and K1.
Out of the four cases given in Table 1, the case with K0 = K
and K1 < K is of most interest as it achieves full through-
put with complexity reduction. However, the selection of K1
in this case should be high enough such that the error perfor-
mance is not much affected. Thus K1 can be used to achieve a
desired complexity versus error performance tradeoff.
Table 1: Parameter Selection for GLCP-ACS-OFDM system
Parameters Features Throughput Complexity
Loss Reduction
K0 = K Full Rate NO NO
K1 = K No ACS
K0 < K Reduced Rate YES NO
K1 = K No ACS
K0 = K FULL Rate NO YES
K1 < K With ACS
K0 < K Reduced Rate YES YES
K1 < K With ACS
III. NUMERICAL RESULTS
In this section numerical results obtained through simulations
are presented for the proposed GLCP-ACS-OFDM scheme de-
scribed in Section II.. An GLCP-ACS-OFDM system with
a sample-spaced multipath channel having an exponential
power-delay profile was simulated for performance evaluation.
A. System Parameters
The GLCP-ACS-OFDM system and the channel parameters
are as follows:
• The total number of OFDM subcarriers N = 128.
• The subcarrier group size K = 32 and number of groups
P = 4.
• The Cyclic-prefix length is Ng = 32 samples.
• Each OFDM subcarrier is modulated using random data
from a BPSK constellation.
• Hadamard matrix was used for precoding.
• Zero-forcing (ZF) equalization was used for symbol de-
tection.
• The wireless channel has Ng = L + 1 paths, with path
delays 0, 1, . . . , L samples. The amplitude hl of each
path varies independently of the others, according to a
Rayleigh distribution with an exponential power-delay
profile.
µl = E{|hl|2} = exp(−l/τrms), for l = 0, 1, . . . , L
where, the RMS delay-spread was set to τrms = 16 sam-
ples (high delay-spread channel). Phase shift on each path
is uniformly distributed over [0, 2π).
• An average SNR range of 0-20 dB at steps of 2 dB was
selected with SNR = σ2hσ2x/σ2w, where σ2h =
∑L
l=0 |hl|2
is the channel power. The per-bit SNR is given by
Eb/N0=SNR/log2 M , where M is the constellation size.
B. Results
Simulations were carried out to demonstrate two aspects of
the proposed GLCP-ACS-OFDM, namely (i) Adaptive sub-
carrier selection (K1 < K) and (ii) Redundant precoding
(K0 < K). Fig. 4 shows the performance of GLCP-ACS-
OFDM for K1 = 31 and K0 = K = 32, i.e. receiver
drops the worse 1 subcarrier from each group before process-
ing. For comparison, the performances of original GLCP-
OFDM (i.e. K0 = K = K1 = 32) and normal (non-
precoded) OFDM are also given in Fig. 4. As can be seen from
Fig. 4 GLCP-ACS-OFDM provides a significant performance
improvement against GLCP-OFDM over the low-to-medium
SNR range shown.
Fig. 5 shows the performance of GLCP-ACS-OFDM for
K1 = 30 and K0 = K = 32, i.e. receiver drops the worse
2 subcarriers from each group before processing. As can be
seen from Fig. 5, up to 22 dB (approximately) the performance
of GLCP-ACS-OFDM is better than that of the GLCP-OFDM.
This indicates that though dropping more subcarriers from pro-
cessing provides a computational advantage at the receiver it
limits (narrow downs) the SNR range over which an error per-
formance benefit can be realized using GLCP-ACS-OFDM.
In Fig. 6 we demonstrate the performance benefit achiev-
able with GLCP-ACS-OFDM using redundant precoding (i.e.
K0 < K). Note that here GLCP-ACS-OFDM operates at a
reduced throughput (K0/K × 100% of the original GLCP-
OFDM throughput) Fig. 6 shows the performance of GLCP-
ACS-OFDM for K0 = 30 and K = K1 = 32. The perfor-
mance of GLCP-OFDM (i.e. K0 = K = K1 = 32) is also
shown in Fig. 6 for comparison. Note that the performance
gain achieved with a 6.25% throughput reduction. The per-
formance of GLCP-ACS-OFDM for K0 = 30, K = 32, and
K1 = 30 (i.e. redundant precoding and adaptive subcarrier
selection) is also shown in Fig. 6 As can be seen from Fig. 6,
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dropping 2 subcarriers does not effect the error performance up
to about 18 dB.
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Figure 4: BER performnce of GLCP-ACS-OFDM for K1 = 31 and
K0 = K = 32. Performances of GLCP-OFDM (i.e. K0 = K =
K1 = 32) and normal (un-precoded) OFDM are also shown.
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Figure 5: BER performnce of GLCP-ACS-OFDM for K1 = 30 and
K0 = K = 32. Performances of GLCP-OFDM (i.e. K0 = K =
K1 = 32) and normal (un-precoded) OFDM are also shown.
IV. CONCLUSIONS
We proposed a strategy of improving the error performance
of GLCP-OFDM in the more practically applicable low-to-
medium SNR range. The use of redundant precoding and
adaptive subcarrier selection (best subcarrier processing con-
cept) provides an effective framework to achieve frequency di-
versity in OFDM. In OFDM systems incorporating channel
coding (error correcting coding), the benefit of the proposed
scheme (GLCP-ACS-OFDM) can be complimentary, i.e. can
potentially reduce the required coding redundancy to achieve a
given error performance.
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Figure 6: BER performnce of GLCP-ACS-OFDM for (a) K0 = 30
and K = K1 = 32, and (b) K0 = 30, K = 32, and K1 = 30.
Performance of GLCP-OFDM (i.e. K0 = K = K1 = 32) is also
shown.
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